ABSTRACT: How do infant learners acquire structure, given complex environments? In this chapter, we consider the role played by statistical learningtracking patterns in the environment-in the acquisition of language and music. The results from a series of experiments suggest that similar learning mechanisms may operate in both domains, but that these mechanisms are also influenced by domain-specific perceptual biases and input structure.
How do infants begin to make sense of their world? Filled with patterned stimuli and replete with sensory information of all kinds, infants must somehow begin to derive structure amidst all of the noise-both figuratively and literally-that characterizes their environments. Innate predispositions are one way to sort through the noise to find the signal. Learning is another. In this chapter we consider one type of learning-statistical learning, or the detections of patterns in the environment-and the possible role played by statistical learning mechanisms in the acquisition of complex structure.
In particular, we focus on the acquisition of language and music. These two domains share much in common structurally: both are auditory (with the exception of signed languages), highly patterned, and internally consistent. Music and language also share the distinction of being two of the stimuli that are most interesting to developing humans. Along with faces, young infants are most consistently engaged by speech and by music (making singing a particularly welcome combination of face, speech, and music). Linguistic and musical knowledge are arguably the most complex systems universally acquired by humans early in life. Finally, both language and music consist of some structures that are present cross-culturally, along with other structures that vary across cultures. This means that young learners must be capable of learning in these domains, or else they could not acquire the features of their native language that are not universal (e.g., the particular sounds, words, and grammatical devices of English versus Thai) or the aspects of their native musical system that are not universal (e.g., the scale tones of Western tonal music versus Javanese music).
How might this learning occur? To answer this question, we have begun to explore the potential contributions of statistical learning: the ability to track consistent patterns in the input to discover units and structures. In particular, we have explored the role of statistical learning in the discovery of consistent patterns that lie within continuous streams of sound. For example, consider the problems faced by learners exposed to a novel language. In order to acquire the language, learners must find the sound sequences corresponding to words in speech; learners can then map those sound sequences to meanings and discover their syntactic relationships. However, the initial task of finding words is nontrivial, because fluent speech does not contain pauses or other consistent acoustic cues marking word boundaries. 1 Nevertheless, infants can rapidly extract words from continuous speech by 7.5 months of age. 2 There are multiple cues that infants might exploit to discover word boundaries in fluent speech. 3 The statistical properties of language might be particularly useful to infants engaged in segmenting words. 4, 5 For example, consider the two-word sequence pretty baby. The syllable pre precedes a small set of other syllables, including ty, tend, and cede; the probability that pre is followed by ty is thus quite high (roughly 80% in speech to young infants). However, because the syllable ty occurs word-finally, it can be followed by any syllable that can begin a word in the English language. Thus, the probability that ty is followed by ba, as in pretty baby, is extremely low (roughly 0.03% in speech to young infants). Given the statistical properties of the input language, the ability to track sequential probabilities could be an extremely useful tool for infant language learners.
To ask whether infants possess statistical learning mechanisms usable for word segmentation, we exposed 8-month-olds to a "nonsense" language in which the only cues to word boundaries were the statistical properties of the syllable sequences. 5, 6 The infants first listened to a 2-minute continuous sequence of syllables, in which "words" were present but word boundaries were not marked, for example, golabupabikututibubabupugolabu etc. We then tested the infants to determine if they could discriminate the words in the language from sequences spanning word boundaries (part-words); these were sequences that the infants had heard, but that did not contain the statistical properties of words. To succeed in this task, the infants had to track the statistical properties of the input. We tested the infants using the Headturn Preference Procedure, 7 in which discrimination of the two types of test items (words versus part-words) was assessed by calculating how long infants listened to each test item. Our results confirmed that infants can indeed use sequential statistics to find word boundaries, despite the brevity of their exposure to the novel language and the lack of any other cues to word boundaries.
Our language experiments as well as those from other research groups demonstrate that infants have access to powerful statistical learning mechanisms that are deployed in the absence of any training or explicit reinforcement and that may be useful for many aspects of language acquisition. [8] [9] [10] One immediate question raised by these results is whether the learning mechanism in question is dedicated solely to the acquisition of language or whether it might be used by infants for learning in other domains. Although the issue of domain-specificity versus domain-generality (modularity) plays a prominent role in discussions of adult psychological and neural structure, studies of learning have typically not directly addressed this issue directly (for discussion, see Elman et al., Ref. 11) .
The domain of music provided a natural arena in which to extend our work on statistical language learning. We thus developed a pseudo-musical analog of our language task by translating each syllable of our nonsense language into a sine-wave tone; for example, golabu became CFE. We then exposed both infants and adults to a statistical learning task in which "tone-words" were discoverable solely by virtue of their statistical properties. 12 As in our linguistic tasks, we discovered that learners were adept at tracking the probabilities with which particular tones co-occurred to locate the boundaries between tone-words. It is thus likely that learners can use the same statistical learning mechanisms in both linguistic and musical tasks; subsequent studies have since demonstrated that the same mechanism can also be used for visuospatial and visuomotor learning. [13] [14] [15] The musical nature of the tone sequence task we used raised an interesting issue concerning the nature of musical learning. Consider the tone sequences used in our experiment, for example, CFEGAD#F#A#B etc. What are the units over which learners computed statistics? There are multiple perceptual primitives that might have entered into learners' computations. Given a sequence like CFE, learners might have tracked the probabilities with which the absolute pitches C, F, and E cooccurred, an analogy with tracking the probabilities with which the syllables go, la, and bu co-occurred. Alternatively, infants might have tracked the probabilities with which the relative pitches, or the intervals between those pitches, co-occurred: what was the likelihood that an ascending perfect fourth (the interval between C and F) was followed by a descending minor second (the interval between F and E)?
Given the design of our original tone-learning experiment, it was impossible to determine which of these perceptual primitives was tracked during learning; did learners detect the statistical properties of absolute pitch sequences or relative pitch sequences? Learners at various ages appear to have access to both types of cues, but they may use one type of pitch information preferentially in some tasks relative to others. 16, 17 To address this question, we manipulated our tone sequence statistical learning task so that in some conditions, successful test discrimination required the use of absolute pitch cues during learning, whereas in other conditions, successful test discrimination required the use of relative pitch cues during learning. 18 The results suggested that learners of different ages capitalized on different perceptual primitives to perform our task: 8-month-old infants tracked absolute pitch cues, while adults tracked relative pitch cues, given exactly the same stimulus materials.
Because infants in other types of tasks are skilled at detecting relative pitch information, 17 we hypothesized that the lack of musicality in our tone sequence stimuli might have influence infants' performance. The materials used in the Saffran and Griepentrog 18 experiment were atonal and did not conform to any of the conventions of Western tonal music. It is therefore possible that infants' reliance on absolute pitch cues in these experiments was a function of how the infants processed our stimuli; the lack of melodic structure may have led infants to focus on the nongeneralizable absolute pitch information rather than on the melodic information carried by relative pitch. To test this hypothesis, we exposed infants and adults to a tone sequence segmentation task in which the materials conformed to the key of C major. 19 We reasoned that the increment in musicality afforded by the inclusion of some tonal structure might lead infants to begin to track relative pitch in our materials. Interestingly, however, the infants continued to depend on absolute pitch cues for the test discrimination rather than relative pitch cues.
Why might some tasks lead infants to show one type of perceptual processing whereas other tasks suggest the use of a different set of perceptual cues? One possibility concerns an interaction between learners' existing perceptual sensitivities and the structure of the tasks themselves. This hypothesis was previously explored in the domain of pitch processing by birds. 20 When European starlings were presented with a pitch discrimination task that could be performed using either absolute or relative pitch cues, the birds initially solved the task using absolute pitches. However, when the task was changed to require transfer of the pitch sequences, the birds began to use relative pitch cues. These results suggest that the birds had access to both types of pitch cues, but that the demands of the task determined which pitch dimensions they used to perform the test discriminations.
It is possible that a similar process occurs during pitch learning in human infants. That is, infants may have access to both types of pitch cues, and the structure of the learning task and/or test discrimination affects which aspects of pitch are tracked. If this hypothesis is correct, then when absolute pitch cues are rendered unreliable, infants should begin to track relative pitch cues instead. We thus created tone sequences that no longer contained consistent absolute pitch sequences; this was accomplished by continually transposing the "tone words." 21 Relative pitch sequences, however, remained highly predictable. Given these materials, infants were able to capitalize on relative pitch cues, which they failed to do when absolute pitch information was also available. By essentially removing absolute pitch cues as a signal of structure in the input, infants began to reliably discriminate the test materials using relative pitch cues.
The results of this line of research, taken together, support a nuanced view of infant learning capabilities. On the one hand, infant learners are powerful: they can detect structure using statistical cues, this learning mechanism operates rapidly and in the absence of reinforcement, and similar learning occurs across domains. On the other hand, learning is constrained, both by the infants' perceptual capabilities and by the structure of the material to be learned. Infants may avoid William James' "blooming buzzing confusion," at least in part, by virtue of a perceptual system that weights some cues more highly than others and by a learning system that can flexibly adapt to the task at hand. Little is yet known about the role played by such systems in acquiring the native musical system and how the infants' inherent preferences and biases interact with information to be learned. We are hopeful, however, that comparisons of learning across domains, and careful consideration of the tasks facing learners within a given domain, will lead us to understand how the developing brain so masterfully acquires the intricacies of the native environment.
